1. Introduction
===============

Patient-controlled analgesia (PCA) provides individual analgesics to meet patient needs for pain control.^\[[@R1]\]^ For this reason, it has become one of the best strategies for acute pain management over the last quarter century, and opioid-based intravenous (IV) PCA is widely used to control postoperative pain.^\[[@R2]\]^

It is well known that patients who undergo spinal fusion surgery report high-severity postoperative pain.^\[[@R3],[@R4]\]^ The adequate management of postoperative pain is essential to facilitate early rehabilitation and recovery.^\[[@R5]\]^ Furthermore, spinal fusion surgery produces characteristic pain patterns postoperatively, with severe pain on the first postoperative day, with the pain decreasing steeply on the following day.^\[[@R6]--[@R8]\]^ PCA is an essential, safe, and effective method for postoperative pain management in patients undergoing painful spinal fusion surgery.^\[[@R7]\]^

In the conventional PCA mode, demand dose with or without continuous background infusion is commonly used.^\[[@R9]\]^ When a relatively low background infusion is set, analgesic effects may be inadequate. Conversely, when the background infusion rate is set higher than required to treat the patient\'s pain, adverse effects such as postoperative nausea and vomiting (PONV), sedation, dizziness, and potentially dangerous respiratory depression can occur.^\[[@R10],[@R11]\]^ Therefore, conventional PCA with a continuous background infusion may not be suitable for the postoperative pain patterns associated with spinal fusion surgery. If the background infusion rate changes according to the patient\'s pain level and needs, the pain can be managed more efficiently, and the adverse effects of excessive opioids would be expected to be reduced.

Therefore, this study compared the variable-rate feedback infusion mode, in which the background infusion rate increases or decreases according to the patient\'s demand, with the conventional constant rate background infusion plus demand dosing mode.

2. Materials and methods
========================

This study was approved by the institutional review board of Chung-Ang University Hospital (ref: 1610-004-258) and was registered with ClinicalTrials.gov (ref: NCT03102333). The subjects included patients aged 20 to 70 years who were categorized as ASA class I-III and underwent general anesthesia for elective spinal fusion surgery between December 30, 2016 and December 29, 2017. Patients with severe cardiopulmonary disease, neurological or psychological disorders, and those who could not understand Korean were excluded. All patients were provided with a thorough explanation of the purpose of this study and PCA (PS-1000, Unimedics, Korea), including instructions to push the demand button whenever they feel pain. Following this, written informed consent was obtained from all participants. Seventy-eight patients were allocated to either the constant-rate background infusion plus demand dosing group (group C, n = 39) or the variable-rate feedback infusion plus demand dosing group (group V, n = 39). Randomization was based on a computer-generated random table. Patients' group allocations were sealed in serially numbered envelopes, and the patients were unaware of their assigned group.

No premedication was used before the induction of anesthesia. Anesthesia was induced with propofol and rocuronium and maintained with remifentanil and desflurane, as appropriate, by an anesthesiologist who was unaware of the patient group allocations. When drainage was applied and the suturing was started, about 30 minutes before the end of surgery, fentanyl (1 μg kg^−1^) was injected intravenously and ibuprofen 400 mg, diluted in 100 mL normal saline, was initiated and administered until 15 minutes after arrival to the post-anesthesia care unit (PACU). Simultaneously, another investigator opened the allocation envelope and set and started PCA according to the patient\'s group allocation.

The total PCA volume for all patients comprised 100 mL normal saline, with fentanyl (20 μg kg^−1^) and ramosetron (0.3 mg). In group C, the PCA was set to administer a bolus of 1.5 mL (0.3 μg kg^−1^) with a lock out interval of 15 minutes and background infusion rate of 1 mL h^−1^ (0.2 μg kg^−1^ h^−1^). In group V, a bolus of 1.5 mL (0.3 μg kg^−1^) with a lock out interval of 15 minutes and background infusion rate of 1 mL h^−1^ (0.2 μg kg^−1^ h^−1^), which increased by 0.2 mL h^−1^ (0.04 μg kg^−1^ h^−1^), was used whenever the demand dose was administered. The background infusion rate was limited to a maximum of 3.0 mL h^−1^ (0.6 μg kg^−1^ h^−1^) and automatically decreased by 0.2 mL h^−1^ (0.04 μg kg^−1^ h^−1^) when the bolus button was not pressed for 1 hour.

At the completion of surgery, patients were awakened and transferred to the PACU. A trained study investigator who was not involved in patient allocation, intraoperative anesthetic management, and PCA setting, and was blinded to the patient\'s group, continuously evaluated the patients' conditions, including the intensity of pain and adverse effects such as PONV, dizziness, and sedation in the PACU. This clinician collected all the data throughout the study period. When the patient was still in the PACU and complained of pain, the PACU nurse, who was also not involved in this study, pushed the demand button. If patients requested analgesics other than those being administered through PCA, either ibuprofen 400 mg or nefopam 20 mg, diluted in 100 mL of saline, was administered for 30 minutes as a rescue analgesic. There were no important harms or unintended effects in each group by this study.

The aim of our study was to compare the efficiency of postoperative pain management between 2 different PCA modes. The primary outcome of this study was the difference in the number of demands, which were counted whenever patients pushed the demand button. The secondary outcomes were the differences in the numerical rating scale (NRS: 0 = no pain, 10 = worst pain imaginable) score, volume delivered via PCA, incidence of adverse effects such as PONV, dizziness, and sedation, and the need of additional IV rescue analgesics. We obtained these values at 30 minutes in the PACU, and postoperatively at 6, 12, 24, and 48 hours.

A surgical spine invasiveness index (SSII), based on the number of vertebral levels of decompression, fusion, and instrumentation from an anterior or posterior approach, was calculated to examine spinal fusion surgery invasiveness.^\[[@R12]\]^

To estimate the group size, we conducted a pilot study to measure the total number of demands after surgery in 10 patients in group C. The mean and standard deviation of the number of demands were 31.0 ± 8.7 times for 24 hours after surgery. For our power calculation, we assumed an equal standard deviation in groups C and V. We wanted to show a 20% decrease in the total number of demands for 24 hours after surgery. With α = 0.05, 2-tailed, and a power of 80%, we required 35 patients per group. Considering a drop-out rate of 10%, we allocated 78 patients to this study. The number of samples was calculated using PASS software version 11 (NCSS, Kaysville, UT).

For intergroup comparisons of continuous variables, the data distribution was first evaluated for normality using the Kolmogorov--Smirnov test. Normally distributed data were presented as means ± standard deviations, and the groups were compared using Student *t* tests. Non-normally distributed data were expressed as medians (P~25~--P~75~), and these data were analyzed using Mann--Whitney *U* tests. As height, weight, and total volume delivered for 48 hours after surgery passed the Kolmogorov--Smirnov test, they were analyzed using Student *t* tests. As age, SSII, number of demands for 24 hours after surgery, volume delivered for 24 hours after surgery, and total number of demands for 48 hours after surgery did not pass the Kolmogorov--Smirnov test, they were analyzed using Mann--Whitney *U* tests.

While analyzing the data according to time periods, the number of demands, volume delivered, NRS, and rescue analgesics did not pass the Kolmogorov--Smirnov test. Therefore, we also used a q--q plot, which did not indicate significant deviation from linearity, allowing normal assumptions for the repeated measured analysis of variance (ANOVA). Because the number of demands indicated significant deviation from linearity in the q-q plot, it was log transformed. Mauchly\'s sphericity test indicated that the assumption of sphericity had been violated for NRS \[χ^2^(9) = 27.962, *P* = .001, W = 0.687\], number of demands \[χ^2^(5) = 18.122, *P* = .003, W = 0.785\], and volume delivered \[χ^2^(5) = 40.630, *P* \<.001, W = 0.526\]. Therefore, we used a Wilk\'s lambda multivariate analysis of variance (MANOVA). Rescue analgesics passed Mauchly\'s sphericity test \[χ^2^(2) = 2.344, *P* = .310, W = 0.945\], and were analyzed using repeated-measured ANOVA. To compare the data in each time period, Student *t* tests with Bonferroni corrections were performed.

Descriptive variables were analyzed using χ^2^ analyses or Fisher exact tests, as appropriate, and *P* values \<.05 were considered statistically significant. Statistical analyses were conducted using SPSS 21.0 (IBM Corp., Armonk, NY).

3. Results
==========

Seventy-eight of 85 consecutive patients assessed for eligibility were allocated into either group and finished this study (Fig. [1](#F1){ref-type="fig"}). The patients' basic demographic and characteristics were not significantly different between groups V and C (Table [1](#T1){ref-type="table"}).

![CONSORT diagram. CONSORT = Consolidated Standards of Reporting Trials.](medi-98-e14753-g001){#F1}

###### 

Demographic data and surgical characteristics.

![](medi-98-e14753-g002)

There were statistically significant differences between the 2 groups in number of demands \[15.0 (9.0--23.0), 22.0 (15.0--37.0) times in group V and C, respectively, *P* = .011\] for 24 hours and total number of demands \[20.0 (12.0--31.0), 28.0 (18.0--44.0) times in groups V and C, respectively, *P* = .017\] for 48 hours after surgery (Table [2](#T2){ref-type="table"}). And there was no difference \[42.50 (25.50--64.00), 50.00 (37.50--63.00) mL in groups V and C, respectively, *P* = .146\] between the 2 groups in the volume delivered for 24 hours after surgery, but that for 48 hours after surgery was lower (59.5 ± 34.1, 86.3 ± 27.8 mL in groups V and C, respectively, *P* \<.001) in group V than group C (Table [2](#T2){ref-type="table"}). When analyzing the difference in these data according to the time periods in detail, we found statistically significant differences between the 2 groups in the number of demands \[F(3,74) = 23.121, *P* \<.001: λ = 0.516, partial η2 = 0.484\] and volume delivered \[F(3,74) = 22.255, *P* \<.001: λ = 0.526, partial η2 = 0.474\]. The number of demands in group V was 4.59 ± 4.31 times at postoperative 12 to 24 hours, which was lower than the corresponding 9.21 ± 6.79 times in group C (*P* = .001; Fig. [2](#F2){ref-type="fig"} and Table [3](#T3){ref-type="table"}). The volume delivered in group V was 13.96 ± 13.45 mL at postoperative 12 to 24 hours and 13.39 ± 12.44 mL at postoperative 24 to 48 hours, which were lower than the 21.19 ± 8.66 mL and 33.6 ± 12.49 mL values noted in group C (*P* = .006 and .000, respectively; Fig. [3](#F3){ref-type="fig"} and Table [3](#T3){ref-type="table"}).

###### 

Postoperative outcomes for 24 and 48 hours in the 2 groups.
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![The comparison of the number of demands between the 2 groups. Values are expressed as mean ± standard error, ∗ refers to a statistically significant difference compared to group C (*P* \<.05). Group C: constant-rate background infusion plus demand dosing group. Group V: variable-rate feedback infusion plus demand dosing group.](medi-98-e14753-g004){#F2}

###### 

Postoperative outcomes according to time periods 48 hours after surgery in the 2 groups.
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![Comparison of the volume delivered via PCA between 2 groups. Values are expressed as mean ± standard error, ∗ refers to a statistically significant difference compared to group C (*P* \<.05). Group C: constant-rate background infusion plus demand dosing group. Group V: variable-rate feedback infusion plus demand dosing group.](medi-98-e14753-g006){#F3}

NRS showed no significant difference between the groups \[F(5,72) = 0.557, *P* = .732: λ = 0.963, partial η^2^ = 0.037; Fig. [4](#F4){ref-type="fig"} and Table [3](#T3){ref-type="table"}\]. Rescue analgesics also showed no significant difference between the groups \[F(2,75) = 2.164, *P* = .122: λ = 0.945, partial η^2^ = 0.055; Table [3](#T3){ref-type="table"}\]. The number of patients who complained of PONV was 7/39 (18%) and 13/39 (33%) in groups V and C, respectively; there were no significant differences in these values between the groups (*P* = .12, Table [2](#T2){ref-type="table"}).

![Comparison of the numerical rating scale between the 2 groups. Values are expressed as mean ± standard error. NRS: Numerical rating scale. Group C: constant-rate background infusion plus demand dosing group. Group V: variable-rate feedback infusion plus demand dosing group.](medi-98-e14753-g007){#F4}

4. Discussion
=============

In this prospective, double-blind, randomized controlled study, the number of demands and the volume delivered via PCA were significantly lower in group V than in group C. Therefore, variable-rate feedback infusion mode PCA may be more helpful than constant-rate background infusion mode PCA to control postoperative pain in patients who undergo spinal fusion surgery.

The 2 most commonly used PCA modes are demand only (i.e., a fixed-size dose is self-administered intermittently) and continuous infusion plus demand dosing (i.e., a constant-rate background infusion is supplemented by patient demand dose).^\[[@R9]\]^ There have been many comparative studies on these PCA modes. Background infusion rate may increase daily opioid consumption and the incidence of adverse effects, including respiratory depression.^\[[@R11],[@R13],[@R14]\]^ It does not always result in better analgesic effects and improved sleep patterns.^\[[@R15]\]^ Therefore, the routine use of the background infusion PCA mode is controversial.^\[[@R9]\]^ However, some studies have shown that using a low dose background infusion had several benefits,^\[[@R14],[@R16],[@R17]\]^ including better pain relief, lower opioid consumption, and minimal complication rate.^\[[@R16],[@R18]\]^ So, low dose of constant-rate background infusion plus demand dosing has been widely applied to control postoperative pain for PCA.^\[[@R19]\]^

However, it is still not easy for the low dose background infusion rate PCA mode to appropriately cope with postoperative pain with a steep slope in intensity, like that in patients who underwent spinal fusion surgery. Because of the nature of constant-rate background infusion, pain control is often insufficient immediately after surgery. The pain can be controlled by increasing the infusion rate or concentration of PCA. However, the day after the surgery, as the intensity of pain steeply reduces, adverse effects like nausea, vomiting, dizziness, sedation, and respiratory depression may occur. With variable-rate feedback infusion plus the demand dosing mode, the background infusion rate is changed according to the patient\'s need. Therefore, it is expected to control pain more efficiently on the first postoperative day and reduce adverse effects from unnecessary opioid infusion thereafter.

In this study, the number of demands was only lower in group V than in group C at postoperative 12 to 24 hours. However, the volume delivered was significantly lower in group V than in group C at postoperative 12 to 24 and 24 to 48 hours. Regarding both differences in the number of demands and volume delivered at postoperative 12 to 24 hours, we can tell that the number of demands affects the volume delivered. This also means that PCA was delivered efficiently, changing background infusion rates according to patients' demand and showing better analgesic effects in group V.

At postoperative 24 to 48 hours, there was a significant difference only in the volume delivered, And not in the number of demands. The decrease in volume delivered in group V was achieved by slowing the background infusion rate due to the decrease in the number of demands as the patient\'s pain eased, unlike that observed postoperatively, at 12 to 24 hours. More volume than that delivered at 24 to 48 hours in group C translates into the unnecessary infusion of opioids and may cause adverse effects.

There was no difference in adverse effects between both groups. However, the number of patients having PONV was 13/39, and 7/39 in groups C and V, respectively, although this difference was statistically insignificant. The sample size of our study was calculated based on the number of demands. Future studies with a large number of patients may be expected to yield significantly lower PONV in the variable-rate feedback infusion plus demand dosing mode.

There are several ways to assess patient pain, such as NRS, verbal rating scales, and visual analog scales.^\[[@R20]\]^ These pain scales have been used in assessing acute, chronic, and changing pain patterns.^\[[@R21]--[@R23]\]^ Those values expressed by patients might be subjective. As patients pushed the demand button whenever they feel pain, we thought that the number of demands as a primary outcome of this study could reflect the pain intensity more objectively. When it comes to NRS, there were no differences between 2 groups in this study. Because patients could get the same NRS with a smaller volume delivered in group V, we can suppose that analgesic medication was administered cost-effectively.

There are a few things to be considered in this study. First, opioid alone could be insufficient to control postoperative pain effectively. Therefore, multimodal pain management that refers to the use of various kinds of analgesics that target different mechanisms together, has been recommended.^\[[@R24]--[@R26]\]^ It can also reduce opioid needs and unwanted side effects. In this study, there were no statistically significant differences in the administration of rescue analgesics between the 2 groups. However, given the frequency of rescue analgesics that was administered once or twice a day in both groups, PCA regimen with opioids alone were not enough to completely control pain. If studies with PCA regimens that add non-opioid analgesics to PCA opioids were conducted, better pain relief to patients would be obtained and the results might be different from this study.

Second, the variable-rate feedback infusion mode required additional inputs for several variables, such as increment, decrement, maximum, and minimum rates other than total volume, bolus dose, lockout, and infusion rate in constant-rate background infusion mode, which are already known well. When the unfamiliar PCA mode was first encountered during the course of our research, it required time to learn because there were more data values to input. We examined the variable-rate feedback infusion mode to determine our inputs in advance of this study. The combination of variable inputs could provide different results when investigating variable-rate feedback infusion modes, especially depending on the nature and severity of the surgery.

Third, we only compared variable-rate feedback infusion with constant-rate background infusion. As mentioned before, some studies recommend that background infusion should not be used routinely. The variable-rate feedback infusion mode needs to be compared with the demand only mode in order to ensure its effectiveness.

In conclusion, variable-rate feedback infusion plus demand dosing can control postoperative pain more efficiently, with lower dosages of analgesics, than constant-rate background infusion plus demand dosing in patients who undergo spinal fusion surgery.
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